Parkinson's disease (PD) is characterized by a reduction in the number of dopaminergic neurons of the substantia nigra (SNpc), accompanied by motor and non-motor deficiencies such as respiratory failure. Here, our aim was to investigate possible neuronal communications between the SNpc and chemoreceptor neurons within the retrotrapezoid nucleus (RTN), in order to explain neurodegeneration and the loss of breathing function in the 6-OHDA PD animal model. Male Wistar rats received tracer injections in the SNpc, RTN and periaqueductal gray (PAG) regions to investigate the projections between those regions. The results showed that neurons of the SNpc project to the RTN by an indirect pathway that goes through the PAG region. In different groups of rats, reductions in the density of neuronal markers (NeuN) and the number of catecholaminergic varicosities in PAG, as well as reductions in the number of CO 2 -activated PAG neurons with RTN projections, were observed in a 6-OHDA model of PD. Physiological experiments showed that inhibition of the PAG by bilateral injection of muscimol did not produce resting breathing disturbances but instead reduced genioglossus (GG EMG ) and abdominal (Abd EMG ) muscle activity amplitude induced by hypercapnia in control rats that were urethane-anesthetized, vagotomized, and artificially ventilated. However, in a model of PD, we found reductions in resting diaphragm muscle activity (Dia EMG ) and GG EMG frequencies, as well as in hypercapnia-induced Dia EMG , GG EMG and Abd EMG frequencies and GG EMG and Abd EMG amplitudes. Therefore, we can conclude that there is an indirect pathway between neurons of the SNpc and RTN that goes through the PAG and that there is a defect of this pathway in an animal model of PD.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder. It is characterized by tremor, rigidity, bradykinesia, and gait impairment (McDowell and Chesselet, 2012) . The main pathological feature of PD is the loss of dopaminergic neurons, which occurs primarily in the substantia nigra pars compacta (SNpc) (Corti et al., 2009; Fulceri et al., 2006; Lees et al., 2009) . Some evidence from studies using PD animal models or patients with PD indicates that breathing disorders are present in the disease and can be associated with neurodegeneration of important neurons responsible for breathing control (Tuppy et al., 2015; Zhang et al., 2016) .
A massive reduction in the number of neurons expressing the transcription factor PHOX2B in the retrotrapezoid nucleus (RTN) was observed in animals that received bilateral injections of 6-hydroxydopamine into the striatum (Tuppy et al., 2015) . In those animals, reductions in resting and hypercapnic-induced respiratory frequencies were also observed (Tuppy et al., 2015) . The RTN contributes to the central chemoreflex, which is a reflex characterized by activation of breathing by the elevation of the partial pressure of CO 2 (PCO 2 ) in the central nervous system (Feldman et al., 2003; Nattie and Li, 2009) . RTN neurons are a group of glutamatergic interneurons that express the transcription factor PHOX2B and lack tyrosine hydroxylase (Amiel et al., 2003; Mulkey et al., 2007b; Stornetta et al., 2006; Weese-Mayer et al., 2005) .
Based on the description above, an important open question is why there is a massive reduction of medullary neurons such as those of the RTN region in an experimental model of PD. The main aim of this study was to investigate whether there is a projection between dopaminergic neurons of the SNpc and RTN and whether there is an association https://doi.org/10.1016/j.expneurol.2018.01.003 Received 30 October 2017; Received in revised form 11 December 2017; Accepted 3 January 2018 between reduction in the number of those projections and neurodegeneration of RTN neurons since there is no evidence in the literature about SNpc-neurons projecting to medullary regions.
Methods

Animals
Experiments were performed in 84 adult male Wistar rats weighing between 250 and 300 g. The animals had free access to water and food and were housed in a temperature-controlled chamber at 24°C, with a 12:12 h light/dark cycle. All experimental and surgical procedures conformed to the National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at the University of São Paulo (protocol numbers: 179/2012 and 99/2014).
Surgery and anesthesia
Injections of 6-OHDA
For chemical lesions of SNpc, two injections of 6-OHDA (24 μg/μL; 0.5 μL, bilaterally) (6-hydroxydopamine hydrochloride, Sigma, Saint Louis, MO, USA) or vehicle (1 μg ascorbic acid in 1 μL of saline 0.9%) were made into the Caudate Putamen region (CPu) using the following coordinates: i) 0.5 mm caudal to the bregma; 3.2 mm lateral to the midline and 4.5 mm below the skull surface and ii) 0.0 mm caudal to the bregma; 2.7 mm lateral to the midline and 4.5 mm below the skull surface. All injections were performed using pipettes with an external tip coupled to a Hamilton's syringe. The dose of 6-OHDA used in the present study was selected based on the literature and previous experiments from our laboratory (Blandini et al., 2008; Falquetto et al., 2017; Oliveira et al., 2017; Tuppy et al., 2015) .
After all surgeries, the rats were treated with the antibiotic ampicillin (100 mg/kg intramuscularly), and the analgesic ketorolac (0.6 mg/kg subcutaneously). The toxin did not produce observable behavioral effects.
Anatomical experiments
Retrograde and anterograde tracer injections were made while the rats were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (7 mg/kg) administered intraperitoneally (i.p.). The animals were placed in a stereotaxic frame (Model 1760, David Kopf Instruments) and the surgery used standard aseptic methods. After surgery, the rats were treated with the antibiotic ampicillin [100 mg/ kg, intramuscular (i.m.)] and the analgesic ketorolac [0.6 mg/kg, subcutaneous (s.c.)]. Different groups of four rats each received injections of one of the following: i) 2% FluorGold (FG, Fluorochrome, Inc., Englewood, USA) in sterile saline in the left RTN, to retrogradely label neurons that innervate RTN in three groups of animals: naïve, vehicle into CPu, and 6-OHDA into CPu; ii) anterograde tracer biotinylated dextran amine (BDA; lysine-fixable, MW 10000; 10% w/v in 10 mM phosphate buffer, pH 7.4; Molecular Probes, Eugene, OR, USA) into the SNpc, to anterogradely label varicosities from the SNpc; iii) 2% FG in sterile saline in the left PAG, to retrogradely label neurons that innervate PAG and iv) BDA into the PAG, to anterogradely label varicosities from PAG. The tracers were pressure injected (30 nL in 5 s) unilaterally through single-barreled glass pipettes (20 μm tip diameter). The coordinates to reach the RTN were 8.8 mm below the dorsal surface of the cerebellum, 1.7-1.8 mm lateral to the midline and 2.6-2.8 mm caudal to the lambda. The coordinates to reach PAG were 5.3 mm below the dorsal surface of the cerebellum, 0.6 mm lateral to the midline and 6.8 mm caudal to the lambda. The coordinates for the SNpc were 7.8 mm below the dorsal surface of the cerebellum, 2.3 mm lateral to the midline and 5.3 mm caudal to the lambda. All those coordinates were adjusted to reach the region of interest after Paxinos and Watson (Paxinos and Watson, 1998) . Seven to ten days following tracer application, the rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and immediately transcardially perfused with fixative.
Physiological experiments
Awake animals
Measurements of pulmonary ventilation (V E ) were performed using the whole-body plethysmography method (EMKA Technologies). Freely moving rats were housed in a 5-L plethysmography chamber with room air for 45-60 min before starting to record the ventilatory parameters. The plethysmography chamber was continuously flushed at a rate of 1.5 L/min, regulated by computer-driven mass flow controllers for O 2 , N 2 , and CO 2 (Alicat Scientific, Inc., Tucson, AZ, USA). The flow controllers were adjusted to 21% O 2 balanced with N 2 for normoxic conditions, and 7% CO 2 , 21% O 2 and 72% N 2 in hypercapnic conditions. Hypercapnia was induced by titrating CO 2 into the respiratory mixture up to a level of 7% for 15 min. Ventilatory parameter measurements were made during the last 2 min before exposure to the stimulus and during the 2 min period at the end of hypercapnic stimulus, when breathing stabilized. Ambient temperature (23-25°C) and humidity (60-70%) were continuously recorded inside the plethysmography chamber and used to calculate the tidal volume (V T ). V T was calculated using the formula described by Malan (1973) and used in previous studies from our laboratory (Tuppy et al., 2015; Oliveira et al., 2017) . Rectal temperature was used as a core body temperature index. The ventilatory parameters measured by the plethysmography system were V T (ml/kg), respiratory frequency (f R , bpm) and V E (ml/min/kg).
Anesthetized animals
Surgical procedures and experimental protocols were similar to those described previously Takakura et al., 2006) . Briefly, general anesthesia was induced with inhalation of 5% isoflurane in 100% oxygen. The rats received a tracheostomy, femoral vein cannulation for the administration of fluids and drugs, and removal of the occipital plate to insert a recording electrode into the medulla oblongata via a dorsal transcerebellar approach. Artificial ventilation with 1.5% isoflurane in 100% oxygen was maintained throughout the surgery. A bilateral vagotomy was performed distal to the carotid bifurcation, as described previously (Guyenet et al., 2005) . Bipolar electrodes were coupled to record the activity of the diaphragm (Dia EMG ), genioglossus (GG EMG ) and abdominal (Abd EMG ) muscles. The rats were ventilated with 100% oxygen throughout the experiment. Rectal temperature (maintained at 37°C) was also monitored throughout the experiment.
On completion of surgical procedures, isoflurane was gradually replaced with urethane (1.2 g/kg i.v. over 30 min). After injection of the intravenous anesthetic, the anesthesia level was monitored by testing for the absence of a withdrawal response and a lack of AP changes upon a firm paw pinch. Activation of the peripheral chemoreflex was achieved by intravenous bolus injections of potassium cyanide (KCN; 40 μg/kg i.v.), and activation of the central chemoreflex was done via hypercapnia (10% of CO 2 ).
All analog data (end-expiratory CO 2 , EMG activities and AP) were stored on a computer via a micro1401 digitizer from Cambridge Electronics Design (CED, Cambridge, UK) and were processed using version 5 of the Spike 2 software (CED). Integrated electromyography activity (∫ EMG) was obtained after rectification and smoothing (τ = 0.003 s) (Mulkey et al., 2007a; Oliveira et al., 2016; Takakura et al., 2014) .
Drugs and intraparenchymal injections
Muscimol, an agonist for γ-aminobutyric acid A (GABA-A) receptors, was diluted in 2 mM of sterile saline (pH 7.4) and was pressure injected (Picospritzer III, Parker Hannifin Corp, USA) (30 nL in 3 s) through single-barrel glass pipettes (20 μm tip diameter). Injections into the PAG were made 5.3 mm below the dorsal surface of the cerebellum, 0.6 mm lateral to the midline and 6.8 mm caudal to the bregma. Muscimol injections also contained a 5% dilution of fluorescent latex microbeads (Lumafluor, New City, NY, USA) for later histological identification of the injection sites.
Hypercapnia
A different group of PD rats was exposed for 3 h to a hypercapnic breathing mixture (7% CO 2 , 21% O 2 , balanced with N 2 ) in a small flowthrough environmental chamber 40 days after PD induction and 10 days after FG injection into the RTN. Following induction of hypercapnia, the animals were anesthetized with sodium pentobarbital (60 mg/kg i.p.) and immediately perfusion-fixed.
Histology
The rats were deeply anesthetized with pentobarbital and injected with heparin (500 units, intracardially); finally, 300 mL of phosphatebuffered saline (PBS; pH 7.4) was perfused through the ascending aorta, followed by 500 mL of 4% phosphate-buffered paraformaldehyde (0.1 M; pH 7.4; 500 mL). The brains were removed and stored in the perfusion fixative solution for 24-48 h at 4°C. Series of coronal sections (40 μm) from the brain were cut using a sliding microtome and stored in cryoprotectant solution (20% glycerol plus 30% ethylene glycol in 50 mL phosphate buffer, pH 7.4) at − 20°C for up to two weeks while awaiting histological processing. All histochemical procedures were done using free-floating sections according to previously described protocols (Barna et al., 2012; Silva et al., 2016; Takakura et al., 2014) . No labeling was observed when primary antibodies were omitted.
Tyrosine hydroxylase (TH) was detected using a mouse anti-TH antibody (MAB 318; Millipore; dilution 1:2000), and neuronal nuclei (NeuN) were detected using a mouse anti-NeuN antibody (MAB 318; Millipore; dilution 1:5000). All primary antibodies were diluted in PBS containing 1% normal donkey serum (017-000-121, Jackson Immuno Research Laboratories) and 0.3% Triton X-100 and incubated for 48 h. After several rinses, they were transferred to the appropriate affinitypurified biotinylated secondary antibodies -donkey anti-mouse (715-065-151, JacksonImmuno Research Laboratories; dilution 1:500) for NeuN and TH. All secondary antibodies were diluted in PBS containing 1% normal donkey serum and 0.3% Triton X-100, incubated for 24 h at room temperature, rinsed again and exposed to Extravidin (E2886; Sigma-Aldrich, St. Louis, MO, USA; dilution 1:2000) for 4 h at room temperature. Peroxidase reactions were visualized using the glucose oxidase procedure and 3,30-diamenobenzidine (DAB) tetrahydrochloride as a chromogen for TH immunostaining. Sections were rinsed again in PBS, mounted in sequential rostrocaudal order onto gelatin-coated slides, dehydrated through a series of ascending concentrations of ethanol, transferred into xylene, and coverslipped with DPX Mountant (06522; Sigma Aldrich) for histology.
For immunofluorescence experiments, TH was detected with a polyclonal primary mouse anti-TH antibody (MAB 318, Millipore; dilution 1:2000), fos was detected using a rabbit anti-fos antibody (sc-52, Santa Cruz Biotechnology, CA, USA; dilution 1:2000), BDA was detected using a polyclonal Cy3 or Alexa 488 streptavidin (SP-1130, Jackson Immuno Research Laboratories, dilution 1:200), vesicular glutamate transporter 2 (VGLUT2, Slc17a6) was detected using a polyclonal primary guinea pig anti-VGLUT2 antibody (AB2251, Chemicon International; dilution 1:2500), glutamic acid decarboxylase 67 (GAD67) was detected using a polyclonal primary rabbit anti-GAD67 antibody (Chemicon International; dilution 1:2500), and FG was detected using a polyclonal primary rabbit anti-FG antibody (Millipore; dilution 1:5000). All primary antibodies were diluted in PBS containing 1% normal donkey serum (017-000-121, Jackson Immuno Research Laboratories) and 0.3% Triton X-100 and incubated for 24 h. Sections were subsequently rinsed in PBS and incubated for 2 h in Cy3 goat antimouse ( 
Cell counting, imaging and data analysis
A conventional multifunction microscope (Nikon, Japan) was used to image sections and perform subsequent analysis (Barna et al., 2012; Silva et al., 2016; Stornetta et al., 2006; Takakura et al., 2014) . A Zeiss LSM 780 confocal microscope (Carl Zeiss, Jena, Germany) was used to test for colocalization of BDA and either VGLUT2 or GAD67 immunoreactivity in axonal varicosities. Images were captured with a 63x (1.4NA) oil immersion objective and rendered with Zen Software (Carl Zeiss, Jena, Germany). A one-in-six series of 40-μm brain sections were used per rat, which means that each analyzed section was 240 μm apart. The sections were counted bilaterally, and the numbers reported in the results section correspond exactly to the counts of one-in-six sections in a series. Immunoperoxidase-stained sections were examined under bright illumination. Section alignment between brains was completed relative to a reference section, as previously described (Tuppy et al., 2015) . Briefly, to align sections around the SNpc level, the most caudal section containing the medial geniculate nucleus was identified in each brain and assigned to the level 6.04 mm caudal to the bregma (bregma = −6.04 mm). To align sections around the RTN level, the most caudal section that contained an identifiable cluster of facial motor neurons was identified in each brain and assigned to the level of 11.6 mm caudal to the bregma (bregma = −11.6 mm). In some experiments, PAG was analyzed by its sub-regions as described previously (Bandler and Shipley, 1994) . Briefly, PAG was divided in longitudinal neuronal columns situated lateral and ventrolateral to the aqueduct. The sub-regions were classified as dorsomedial (DM), dorsolateral (DL), ventrolateral (VL) and ventral (V). To align sections around the PAG level, the most caudal section that contained the mesencephalic aqueduct was assigned to the level of 8.8 mm caudal to the bregma (bregma = − 8.8 mm). Levels rostral or caudal to these reference sections were determined by adding a distance corresponding to the interval between sections multiplied by the number of intervening sections. The number of sections analyzed in each brain region included 5 sections of the SNpc, 6 sections of the RTN and 5 sections of the PAG. Digital colour photomicrographs were acquired using a camera Nikon DS-Fi3. For densitometric analysis of NeuN immunoreactivity, PAG was outlined and the software calculated the area of pixels containing segments and the data are represented as percentage of region labeled with immunoreactivity. ImageJ (version 1.41; National Institutes of Health, Bethesda, MD) was used for cell counting and densitometric analysis and Canvas software (ACD Systems, Victoria, Canada, v. 9.0) was used for line drawings. A Nikon E1000 confocal was used to test for the colocalization of BDA and either VGLUT2 or GAD67 immunoreactivity in axonal varicosities in the RTN region and BDA and FG in PAG region. The neuroanatomical nomenclature employed during experimentation and in this manuscript was defined by Paxinos and Watson (Paxinos and Watson, 1998) .
Statistics
Data are reported as mean ± standard error of the mean. Statistical analysis was performed using Sigma Stat version 11.0 software (Jandel Corporation, Point Richmond, CA). For neuroanatomical experiments, the t-test was performed, and for electrophysiological experiments, one or two way ANOVA followed by the Newman-Keuls multiple comparisons test was used, as appropriate. For each analysis, p < 0.05 was considered statistically significant.
Results
Evidence of indirect projections from the SNpc to the RTN
The first series of experiments were performed in order to explore possible projections from SNpc to RTN neurons (Fig. 1A) . BDA injections were located in the SNpc of 4 rats (Figs. 1B and C1 ). However, we did not observe BDA-varicosities within the RTN region. Based on this information, another group of 4 animals received FG injections into the RTN (Fig. 1B and C3 ) and the results confirmed that there is no direct projection from catecholaminergic neurons of the SNpc to the RTN region. However, our analysis showed the presence of FG-labeled cells in the PAG region of the animals described above (Fig. 1D-E) .
The next step was to confirm the presence of direct projections from SNpc to PAG and from PAG to RTN. We performed, in different groups of animals, injections of FG (n = 4) and BDA (n = 4) into the PAG (Figs. 1B, C2 and 2H ). As represented in Fig. 1F and G1-G3, the vast majority of TH + cells in the SNpc express FG + (95 ± 2%). In SNpc we pyramidal tract; SNpc, substantia nigra pars compacta; ml, medial lemniscus; VTA, ventral tegmental area; Aq, aqueduct; scp, superior cerebellar peduncle; APT, anterior pretectal nucleus; RPa: raphe pallidus; IO: inferior olive; VII: facial motor nucleus; Sp5: spinal trigeminal tract. Scale bars in A = 1 mm (apply to A-B), C1 = 500 μm, C2 = 1 mm, C3 = 250 μm, D = 250 μm, D' = 50 μm and G1 = 100 μm (apply to G1-3).
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also observed the presence of non-dopaminergic neurons that project to PAG (FG + only). In addition, 46.3 ± 0.3% (38,723, vs. total BDA: 83,649 varicosities) and 32.6 ± 0.2% (27,025, vs. total BDA: 82,899 varicosities) of BDA-varicosities in RTN region were VGLUT2-positive and GAD67-positive ( Fig. 2A-G) , respectively, suggesting a possible direct projection from catecholaminergic neurons of the SNpc to the PAG region and then from the PAG to the RTN region. The difference in the number of BDA-varicosities in the RTN compared to the number of FG-labeled in the PAG is probably due the fact that the injection of BDA reached a small population of PAG neurons, as showed in the Fig. 2H , while the FG injection in the RTN was able to cover a larger area. In 2 animals, we also decided to perform BDA injection in the SNpc and FG injection in the RTN in the same animal in order to confirm the communication between varicosities from SNpc and neurons that project to RTN in the PAG region. The confocal analysis confirms the presence of BDA-varicosities close to FG-neurons in the PAG (Fig. 3A-C) .
PAG neurons are involved in the hypercapnia-induced respiratory changes
Because we observe that the connection between SNpc and RTN goes by PAG region, we decided to investigate the effect on resting, hypercapnia and KCN-induced respiratory changes after inhibition of PAG. We recorded DiaEMG, GGEMG and AbdEMG from animals that received the GABA-A agonist muscimol bilaterally into the PAG. Fig. 4H illustrates a typical location of bilateral injections of muscimol into the PAG and Fig. 4I represents a schematic showing the location of six bilateral muscimol injections. The dispersion of microbeads was approximately 250 μm in the rostro-caudal direction from the center of the injection. Muscimol injection into the PAG did not produce changes in resting diaphragm activity (DiaEMG frequency: 37.70 ± 1.75 vs. vehicle: 41.93 ± 2.29 bpm; DiaEMG amplitude: 0.326 ± 0.078 vs. vehicle: 0.308 ± 0.024 mV, p > 0.05) and genioglossus activities (GGEMG frequency: 37.00 ± 2.06 vs. vehicle: 44.20 ± 2.71 bpm; GGEMG amplitude: 0.379 ± 0.076 vs. vehicle: 0.382 ± 0.015 mV, p > 0.05) (Fig. 4A-C and E-F) .
Hypercapnia (7% CO 2 ) produced a smaller increase in the AbdEMG (0.303 ± 0.051 vs. vehicle: 0.529 ± 0.061 mV, p < 0.05) and GGEMG (0.778 ± 0.148 vs. vehicle: 1.278 ± 0.058 mV, p < 0.05) amplitudes in animals that received muscimol injections into the PAG, without changing DiaEMG frequency and amplitude and AbdEMG and GGEMG frequencies (Fig. 4A-G) .
To investigate if the effects of inhibition of PAG were central-chemoreflex specific, we also tried a different respiratory stimulus by injecting KCN (40 μg/0.1 mL) intravenously to produce a stimulation of peripheral chemoreceptors. The results showed that muscimol injections into the PAG did not elicit significant changes in DiaEMG, GGEMG Experimental Neurology 302 (2018) 46-56 and AbdEMG activities produced by i.v. injection of KCN in control animals (data not shown).
Reduction in the density of neurons and TH-varicosities in the PAG of PD animals
It has already been described in the literature that in the 6-OHDA model of PD, there is a reduction in the number of TH-neurons in the SNpc and of PHOX2B-neurons in the RTN (Tuppy et al., 2015) . Our previous experiment suggested a possible connection between the SNpc and RTN that goes through the PAG region and the role of PAG in respiratory response to central chemoreflex activation. The next step was to investigate if there is a reduction in the density of catecholaminergic varicosities and of neurons in the PAG region in 6-OHDA animal models. As described in a previous study, 6-OHDA injected bilaterally in the CPu reduces the number of TH-neurons in the SNpc by 75% (462 ± 33 neurons vs. vehicle: 1850 ± 25 neurons) (p < 0.05; Fig. 5A-C) , leading to a reduction in resting f R (66.1 ± 1.0 vs. vehicle: 100.1 ± 5.0 breath/min; p < 0.05) and V E (394.1 ± 1.9 vs. vehicle: 545.6 ± 21.4 ml/kg/min, p < 0.001), without changing V T (6.0 ± 0.1 vs. vehicle: 5.5 ± 0.4 ml/kg, p > 0.05) (Fig. 5D-F) . In the same group of animals, hypercapnia (7% CO 2 ) produced a smaller increase in f R (91.6 ± 2.7 vs. vehicle: 128.3 ± 8.1 breath/min, p = 0.005) and V E (988.1 ± 35.1 vs. vehicle: 1218.2 ± 72.9 ml/kg/ min, p = 0.02) compared to the control group ( Fig. 5D and F) .
NeuN was detected by immunohistochemistry in PD or control animals, and we noticed a significant reduction of neuronal density in the dorsomedial (10 ± 3 vs. vehicle: 23 ± 1%), dorsolateral (15 ± 6 vs. vehicle: 38 ± 2%) and ventrolateral (14 ± 5 vs. vehicle: 30 ± 1%) regions of the PAG (One-way ANOVA; p < 0.05, Fig. 6A-C) .
We also observed a reduction in the total number of TH + varicosities in PAG (778 ± 135 vs. vehicle: 1338 ± 133 varicosities; p < 0.05; Fig. 6D-F) . However, the number of TH + varicosities in different regions of the PAG does not differ with statistical significance: dorsomedial (7 ± 4 vs. vehicle: 24.5 ± 12), dorsolateral (37 ± 9 vs. vehicle: 54 ± 25), ventrolateral (474 ± 72 vs. vehicle: 863 ± 161) and ventral (260 ± 60 vs. vehicle: 396 ± 66) (One-way ANOVA; p > 0.05, Fig. 6D-F) .
Reductions of PAG CO 2 -activated projecting neurons to RTN in PD animals
In the next group of experiments, we investigated if there is a reduction in the number of CO 2 -activated neurons of the PAG that project to the RTN in control and PD animals. The retrograde tracer FG was injected into the RTN 30 days after vehicle or 6-OHDA injection into the CPu (Figs. 7A-B) . Ten days after the FG injection, the animals were exposed to hypercapnia challenge (7% CO 2 ) for 3 h. The results demonstrated a massive reduction of TH neurons in the SNpc by 85% (225 ± 27 vs. vehicle: 1474 ± 15 neurons, p < 0.05) (data not shown). There is also a reduction in FG + -labeled neurons in every region analyzed of the PAG in PD animals. For example, FG + neurons were reduced ipsilaterally in the dorsolateral (32 ± 1, vs. vehicle: 150 ± 5 neurons; p < 0.05) and ventrolateral PAG (60 ± 1, vs. vehicle: 128 ± 2, p < 0.05). We also noticed a reduction in the contralateral side of the dorsolateral (24 ± 1, vs. vehicle: 57 ± 4, p < 0.05) and ventrolateral PAG (20 ± 1, vs. vehicle: 60 ± 1, p < 0.05). The dorsomedial (9 ± 1, vs. vehicle: 64 ± 3, p < 0.05) and ventral aspects of the PAG were also reduced (3 ± 1, vs. vehicle: 9 ± 1, p < 0.05) (Fig. 7C, F and I) . A reduction in FG + /fos + neurons was observed only on the ipsilateral side of the dorsolateral (0.75 ± 0.02, vs. vehicle: 10 ± 1, p < 0.05) and ventrolateral aspects of the PAG (3 ± 2, vs. vehicle: 23 ± 2, p < 0.05) and on the contralateral side of the ventrolateral aspect of the PAG (1 ± 1 vs. vehicle: 10 ± 1 neurons, p < 0.05) (One-way ANOVA; Fig. 7E , H-I).
Resting and hypercapnia-induced respiratory effects in a PD-model
The last series of experiments were proposed to determine whether in PD animals, we could observe similar changes in the Dia EMG , GG EMG and Abd EMG as observed in animals that received the GABA-A agonist muscimol bilaterally into the PAG, since PD-model produces a reduction of PAG neurons. In PD animals, which presented a reduction of 78% of dopaminergic neurons of the SNpc (data not shown), it is possible to observe a reduction in resting Dia EMG frequency (33.58 ± 2.16 vs. vehicle: 41.93 ± 2.29 bpm), GG EMG frequency (30.92 ± 2.29 vs. vehicle: 44.20 ± 2.71) and amplitude (0.228 ± 0.012 vs. vehicle: 0.382 ± 0.015 mV, p < 0.05), without changes in the Dia EMG amplitude (Fig. 8A-C 61.24 ± 3.28 bpm, p < 0.05) and amplitude (0.631 ± 0.081 vs. vehicle: 1.278 ± 0.058 mV, p < 0.05), Abd EMG frequency (34.47 ± 2.79 vs. vehicle: 53.28 ± 1.34 bpm) and amplitude (0.266 ± 0.036 vs. vehicle: 0.529 ± 0.061 mV, p < 0.05) (Figs. 8A-G) .
We also tested KCN to investigate if peripheral chemoreflex could be affected in this model and no significant changes in Dia EMG , GG EMG and Abd EMG activities were observed (data not shown).
Discussion
In the present study, we showed, for the first time, that the pathway between SNpc and chemoreceptor neurons in the RTN goes through the PAG region. We also demonstrated that the number of fos-activated neurons in the PAG with RTN projections was reduced in the 6-OHDA model of PD and that inhibition of the PAG leads to mild respiratory changes compared to those observed in PD animals. The data in the present study and previous data from our laboratory (Falquetto et al., Experimental Neurology 302 (2018) 46-56 2017; Oliveira et al., 2017; Tuppy et al., 2015) demonstrate that breathing impairment in PD animals could also involve neurons in the PAG region.
Anatomical pathway between the SNpc, PAG and RTN
Previous studies from our laboratory showed that injection of 6-OHDA into the striatum leads to extensive degeneration of dopaminergic neurons in SNpc, as well as in the PHOX2B-expressing neurons in the RTN, which could be associated with breathing disturbances (Tuppy et al., 2015) .
RTN neurons located in the ventral medullary surface are involved in regulating of CO 2 /H + levels and communicate with pre-Bötzinger
Complex (preBötC) in order to regulate breathing homeostasis (Guyenet et al., 2005; Nattie et al., 1993) . The SNpc is composed of dopaminergic neurons that are involved in movement control (Blandini et al., 2007) .
Although there are studies on the relationship between PD and breathing disorders, to our knowledge, no studies have demonstrated brainstem respiratory nuclei projections from SNpc. One classic anatomical study from Dr. Guyenet's laboratory showed afferent and efferent projections of RTN neurons, but this study did not evaluate connections with the midbrain regions (Rosin et al., 2006) . Our work was not able to show the presence of varicosities in the RTN region from the SNpc, suggesting a lack of direct projections from the SNpc and the RTN. We also confirm anterograde experiments showing the absence of FG-labeled cell bodies in the SNpc after injections into the RTN region. However, we detected the presence of FG-labeled neurons and BDA varicosities within the PAG region, suggesting that communication between the SNpc and the RTN goes through the PAG.
PAG involvement in the central chemoreflex of PD-animals
It is well described that the PAG region is involved in several physiological conditions such as nociception, anxiety and emotional disorders, which in turn have an impact on the cardiovascular and respiratory systems (Holstege, 2014; Subramanian and Holstege, 2010) . Previous studies showed that electrical stimulation of the dorsal PAG increased respiratory frequency and tidal volume in cats and rats (Farmer et al., 2014; Holstege, 2014; Holstege, 2013, 2014) . However, ventrolateral PAG stimulation decreased arterial pressure and heart rate, suggesting involvement of the PAG in autonomic and respiratory functions (Subramanian and Holstege, 2013 ). In Experimental Neurology 302 (2018) 46-56 addition, the PAG coordinates motor output, including respiratory changes based on input from limbic, prefrontal and anterior cingulate cortex regions (Subramanian et al., 2008) . These areas integrate visual, auditory and somatosensory information in the context of basic survival mechanisms and relay the result to the PAG, which has access to respiratory control nuclei in the brainstem. One important area in the brainstem that receives projections from the PAG is the RTN (present results; Rosin et al., 2006) . Non-selective inhibition of the PAG reduced the hypercapnia ventilatory response without change the hypoxia ventilatory response, suggesting an involvement of PAG neurons in the chemosensory control of breathing (Lopes et al., 2014; Lopes et al., 2012) . Here, we noticed a significant reduction in the number of neurons activated by hypercapnia in the PAG that project to RTN neurons in PD animals. In addition, our physiological data showed that in PD animals there is a reduction in the hypercapnia ventilatory response. The deficiency observed in respiratory effects after CO 2 stimulation is more prominent in PD animals compared to animals that received muscimol in PAG (present results; Lopes et al., 2012) . This probably occurs due to the fact that in PD animals there is also a reduction in the number of various groups of neurons involved in breathing control, such as the RTN and NTS. In addition, there is a reduction in the density of neurokinin-1 Fig. 7 . Reduction in the number of neurons activated by hypercapnia from the PAG that input to the RTN in PD animals A) Computer-generated plot of 4 injections/group of FG that were confined to the RTN in vehicle or 6-OHDA animals (Bregma level − 11.6 mm according to the Paxinos and Watson, 1998) receptors in the preBötC, as well as in premotor neurons in the rostral ventral respiratory group (Tuppy et al., 2015; Falquetto et al., 2017) . It is well known that altered responses to CO 2 may be involved in panic disorders since CO 2 inhalation can elicit panic attacks in patients with this disorder (Gorman et al., 1988) . Panic disorder, with or without phobia, was present in approximately 7% of PD patients (Broen et al., 2016) . PAG stimulation induces autonomic and behavioral responses similar to the symptoms of panic attacks; therefore, this midbrain region may be involved in panic disorder (Blanchard et al., 1986) . Our data add to the possibility that the SNpc, PAG and RTN could be a crucial pathway for the ventilatory response to hypercapnia in PD.
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Conclusion
PD is a complex neurodegenerative disease and breathing disorders are a type of important non-motor PD symptoms. In our study, we observe an indirect projection from the SNpc to the RTN that goes through PAG neurons, and this connection could be impaired in PD. In conclusion, our results suggested that a dysfunction in the SNpc-PAG-RTN pathway can lead to a reduction in the number of PHOX2B-expressing neurons in the RTN and that the degeneration of CO 2 -activated PAG neurons with RTN projections is one of the mechanisms that produces breathing disorders in PD animals.
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